Reports of the effects of abscisic acid (ABA) on ion and water fluxes have been contradictory. Some of the confusion seems due to the interaction of ion and water transport across membranes. In these experiments root systems were subjected to hydrostatic pressures up to 5.0 bars to enable measurement of root conductance that was independent of measurement of osmotic potentials or ion fluxes.
ABA between 5 x 10-I molar and 2 x 10' molar resulted in a decrease in the conductance of the soybean root systems as compared with the controls. ABA treatment also eliminated the discontinuity in the Arrhenius plot of total flow versus reciprocal temperature at constant pressure. The results suggest that ABA acts at the membrane that is rate-limiting to water flow directly, or by altering metabolism that in turn affects the membrane.
The dramatic increase in ABA content in stressed plants (20, 23) has stimulated research into possible mechanisms or functions of ABA. One area of considerable interest has been the effects on ion transport and hydraulic conductivities of plant cells. The results have often been contradictory.
ABA decreased ion transport to the shoots in corn and barley roots (3, 21) . In aged beet root discs ABA temporarily inhibited 'K' uptake, stimulated Na+ and Cl-uptake, and altered the K+/ Na+ selectivity (22) . Others have reported increased ion transport, measured either as transport to shoots of whole plants, or as exudation from excised roots (2, 1l, 16) . Most recently, Karmoker and van Steveninck (12) found that ABA stimulated ion uptake in Phaseolus roots, whereas Erlandsson and co-workers (4) observed a decrease in "Rb uptake in sunflower roots.
Cram and Pitman (3) reported that ABA did not change the hydraulic conductivity of maize or barley roots, but Glinka and Reinhold (9, 10) reported that ABA increased both the diffusional permeability and hydraulic conductivity of roots to water flow under a pressure of 0.8 bar. Most recently, ABA was reported to have no effect on osmotically driven water flow in excised sunflower roots (4) . Pitman and Wellfare (18) found dramatic decreases in barley root exudation rates treated with ABA, but concluded that this was due to an inhibition of active salt transport and not hydraulic conductivity. ' Research supported by National Science Foundation Grants PCM76-11 142-AO1-2 to Dr. P. J. Kramer These contradictions could be due to the difficulty in evaluating a complex transport system as a root. The standing osmotic gradient (I) and the removal of ions from the ascending xylem water (13) make determination of the osmotic driving force for water flow difficult. At low hydrostatic pressures the interaction between osmotic and hydrostatic driving forces makes it impossible to assess whether a change in flow rate is due to a change in hydraulic conductivity or ion movement (6) . The analytical technique of Fiscus (6) provides a method of measuring the hydraulic conductance (L)5 of a root system independent of ion transport.
The experiments reported here use applied hydrostatic pressures to determine the effect of ABA on water flux through root systems, to determine if changes in flux are due to changes in L and to determine the nature of the changes ABA induces in the ratelimiting barrier to water flux.
MATERIALS AND METHODS
Culture conditions and basic experimental procedures have been previously described (15 The conductance (L) in cm3s-1 bar-', the reflection coefficient (a), and the effective outside osmotic potential (r) in bars were calculated according to Fiscus (6) .
Temperature Series. Root systems were pressurized to 0.2 bar at 25 C in 2 x 10-4 M ABA in half-strength Hoagland solution. After a 6-to 8-h incubation period, the pressure was increased to 5.0 bars and the temperature dropped to 7 C in three steps. Q and 7T were measured at each temperature.
In all experiments except the temperature series, root systems treated with only 95% ethanol were run in similar manner as controls. In the temperature series, one root system was treated with 95% ethanol and four others run with no treatment served as controls. The time course and temperature series were run in triplicate. Each concentration of ABA in the pressure series was run in duplicate.
RESULTS
Time Course. When root systems were held at a constant pressure of 2 bars the addition of ABA (5 x 10-5 M) decreased Q by 40o over the ethanol control after 3 h (Fig. 1) . In all experiments Q began to decrease after I to 3 h, with the rate reduced 20 to 40o after 6 h. In one of the three replicates there was a 10%o increase in Q after I h, but this lasted only 45 min, after which Q declined.
Since the amount of ethanol varied with the amount of ABA, an excess amount of ethanol (5 ml) was used as a control so that future comparisons could be made and the effect attributed to ABA. Figure 2 shows that with the addition of the ethanol, Q dropped almost immediately by 4%, and then remained constant for the next decreased L. The effect was concentration-dependent with L decreasing 17, 27, and 60%1o for the 5 x l0-5 M, 1 X 10-4 M, and 2 X 10-4 M ABA, respectively. In no case did the ambient 7? increase more than 0.12 bar following addition of ABA. Each ABA curve is the average of data from two root systems. The addition of 2.5 ml of 95% ethanol had no effect on the L of the root system. The control curve in Figure 3 is therefore the flow curve for the roots before the ABA addition, and the flow curves before and after the addition of the ethanol.
7r? of the exudate at high pressures decreased in all ABA treatments (Fig. 4) tween 5 x 10' M and 2 x 10-' M markedly reduced the L of the root system. These results differ from those of Glinka (8) and Glinka and Reinhold (9, 10) who found, in carrot storage tissue and excised barley roots, that ABA increased the diffusive permeability and the hydraulic conductivity of the tissue. Glinka (8) used suction to induce hydrostatic pressure gradients, and interpreted increases in flow as an increase in the L of the root. The differences between Glinka's work and the results reported here could be due to the use of pressures below I bar where there is considerable interaction between the osmotic driving forces and the hydrostatic forces (6), or waiting only I h after adding ABA to measure the flow rate. At pressures below I bar our experiments showed that steady-state rates were not reached until 3 or 4 h after the initial pressure was applied (Fig. 1) . A basic assumption in the derivation of the basic flow equation is that fluxes are in a steadystate, and unless Glinka's plants reached a steady-state much faster than ours, his rates do not appear to meet this criterion.
The situation is confused further because different species, different cultural practices, and different concentrations of ABA were used. Glinka's concentrations were about 10-fold less than 64, 1979 Plant Physiol. Vol. 64, 1979 those used here. Pitman et al. (17) showed that the growth environment of the plants could influence the response of the plant to exogenous ABA.
The salt flux data were not as clear-cut as the volume flow results. Although a increased in three of the six ABA-treated root systems, the increase did not exceed 0.06. In two of the root systems the values remained unchanged and in one there was a slight decrease (TableI). What is most perplexing is the 2-to 3-fold decrease in calculated 7r9 due to ABA treatment. This decrease was not seen in the ethanol control, and seems to be due, at least mathematically, to the large increase in the x intercept of the Jv: AP curve. Their at infinite flow rate consistently decreased with ABA treatment. There was no change in the ethanol control, an observation that at first is difficult to explain. Since ethanol is freely permeable to root systems, we expected that7r" should decrease by an amount equivalent to the amount of ethanol added as was seen in the initial time course experiments (Fig. 2) . The failure to see this increase in the longer term experiments appears due to the removal of the ethanol from the solution either by evaporation or metabolic activity of the roots or the bacteria growing in the pot. Measurements of the ambient solution osmotic potential at the end of the experiment showed no significant difference from the potential at the beginning of the experiment. If the endodermis is in fact the rate-limiting step and the major ion barrier, then the large ABA-induced increase in the effective H could be caused by a loss of ions from the surrounding cortex to the apoplast. However, one must remember that the term reflection coefficient, when applied to a large root system, cannot be interpreted in the same way as in a simple membrane system. In the root system the apparent a is the sum of many active and passive forces and compartments which contribute to net ion flux (6) . Consequently, we were unable to interpret fully the effect of ABA on salt flux from a mechanistic standpoint.
Markhart et al. (15) presented data supporting the hypothesis that the hydraulic conductivity of mature soybean roots was determined by the character of its lipid membranes. The significant effect ABA has on the L of the roots suggests that ABA interacts with, or in some way alters, the rate-limiting membrane. The effect of ABA on the Arrhenius plot provides important insight into the physical changes that occur in the membrane, leading to a decrease in L. The slope of the straight line portions of an Arrhenius plot is in part determined by the mobility of the hydrocarbon chains in the membrane (7) . The less viscous the lipid, the lower the activation energy; the more viscous the lipid, the higher the activation energy. We, therefore, propose that the flattening out of the break in the Arrhenius plot caused by ABA (Fig. 5 ) is due to a change in the mobility of the hydrocarbon chains. Whether the alteration is a primary effect of ABA's binding to the membrane, or whether it is a secondary effect of ABA's altering the metabolism of the cell, which in turn affects the membrane, is not clear. However, the secondary effect seems more likely considering the time course of development of the effect.
Several investigators have suggested that cold hardening may in fact be related to an increase in membrane flexibility, at low temperatures (14, 19) . Membranes are relatively fragile components of cells, and may be injured by a variety of stress conditions (14) . We propose that a major role of ABA is to protect the membranes from damage. We also suggest that the large increases in ABA under stress conditions are part of this adaptive response. The data of Rikin and co-workers (20) 
